Type 2 diabetes mellitus (T2DM) is a long-standing metabolic disease that results in early complications from decades of maladaptive physiological processes. One-third of people diagnosed with T2DM have complications at the time they are diagnosed, with the duration of hyperglycemia being directly related to the extent of the complications.
account for only a small proportion of the variation that is present (ie, less than 10% of cases). In addition these methods remain costly and hard to apply to the general population.
We tested the hypothesis that fluctuating asymmetry (FA) in fingerprints in humans will be an "early" predictor of an individual's propensity to develop Type 2 Diabetes (T2DM). Similar to diabetes, [10] [11] [12] fingerprints are influenced by both genetics and the gestational environment. 13, 14 Developmental studies have determined that fingerprints form during early gestation (6-17 weeks), 15 and thereafter remain unchanged. 13 Fingerprints have been previously used in the diagnosis of several different medical disorders, 16, 17 including diabetes. [18] [19] [20] For this study, we specifically focused on FA in fingerprints, or random asymmetry about a zero mean value, 21 calculated as differences in fingerprints between the corresponding fingers on the right and left hands. FA has been hypothesized to be a particularly sensitive indicator of developmental instability due to increased growth rates 22 and of degenerative diseases. 23 FA in some aspects of fingerprints has also been found to be associated with T2DM. 24 An additional benefit to considering fingerprints as an indicator of T2DM risk is our knowledge of the timing of the development of each finger pair during gestation. The ridge pattern of fingerprints starts developing with the thumb (7-8 weeks) and progresses toward the little finger (16-17 weeks) . 13, 15 Given the current uncertainty about precisely when during gestation the environment impacts the metabolism of the adult, 25 comparison of FA across fingers could help identify when preventive measures during pregnancy would be most beneficial.
The current study had 4 goals. First, we tested the hypothesis that fingerprint patterns of individuals with T2DM would be more asymmetrical than individuals without T2DM, controlling for gender and age. Second, we wanted to determine if wavelet analysis, a technique already used in forensics for fingerprint archival and matching, but not in previous studies of fingerprints as disease markers, would give results similar to the traditional ridge count or pattern analysis. If wavelet analysis could be used to assess fingerprint asymmetry, the potential for using fingerprints to identify individuals at risk for T2DM increases. Third, we tested the hypothesis that some stages of gestational development are more important in the onset of T2DM. To this end, we compared the degree of FA of the different fingers to determine which finger was most predictive of DM. And fourth, we examined the possibility that fingerprint asymmetry might be predictive of T1DM as well. Even though T1DM is a considerably different disease than T2DM, like T2DM, T1DM is influenced by multiple environmental and genetic factors, 26 including a relationship between environmental exposures in utero, 27 and is associated with dermatoglyphic features. 28
Methods

Participants
Participants were patients either under the care of physicians at the UMA Diabetes/Endocrine Center or the Family Medicine Center in Athens, Ohio. The participants were a convenience sample, approached at the time of clinical care.
Individuals were included in the control group if they did not currently have indications of diabetes, had no personal or family history of diabetes or any insulin resistant syndrome (such as polycystic ovarian syndrome, metabolic syndrome). This data was obtained both by participant interview and confirmed by physician chart review. We also used the patient's medical records to exclude those individuals with chromosomal syndromes (Down, Turner, Klinefelter), monogenic disease (cystic fibrosis), polygenic morbidity (cleft palate and cleft lip with or without cleft palate), and females suffering from endometrial carcinoma or carcinoma of cervix, all known to be correlated with fingerprint asymmetries. 17 T2DM and T1DM individuals had been diagnosed with fasting glucose and AC1 tests, respectively.
Data Acquisition and Processing
Rolled fingerprints were collected using a Crossmatch Verifier 320 LC scanner at a resolution of 500 ppi and 256 level grayscale. The prints of all fingers on both hands were stored as uncompressed digital images (bmp file format) on a laptop dedicated to the project with an encrypted storage device. Fingerprints were scored for similarity between corresponding fingers on each hand (symmetry) using both ridge counts (pattern analysis) and a wavelet based method. Pattern analysis is the method that has been used in previous studies of fingerprints and FA. This method generates ridge counts that are then compared between prints (see Figure 1 ). We used the software package RIDGECOUNTER. 29 For fingertips with a loop pattern, the ridge count equal to the number of ridges crossing the single straight line between the core and the triradius, and for fingertip patterns with 2 triradial points (whorl and double loop pattern), ridge counts equaled the counts crossing both the lines. We used the absolute difference between the scores for the homologous fingers as the asymmetry score. As fingertips with an arch are standardly assigned a ridge count of zero, finger pairs with 2 arches would have produced an "artificial" score of symmetry, and with 1 arch, and inflated score of asymmetry. Therefore, we did not include arch fingerprints in the pattern-based data.
There are some clear limitations to the pattern based method of assessing asymmetry. It is a very coarse measurement (only about 30 different values), and depending on the fingerprint, the count can be fairly subjective, easily varying by ±2. 29 However, we wanted to compare the asymmetry scores from the more sophisticated wavelet based analysis to those from the pattern analysis that has been used in previous studies.
For wavelet analysis, we processed a 256 pixel square subimage derived from the center of each print to calculate a feature vector (based on Haar wavelets) using MATLAB and the Wavelet Toolbox extension. Several related techniques have been proposed for fingerprint matching in forensics (Gabor filters, discrete wavelet transform, and Hartley transform). [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] All these methods have in common that they analyze the fingerprint on a global level (ie, treat the print as a texture with features such as ridge density or uniformity), rather than focusing on local details. While the different methods stress different features, they all compute a less complex description of the print, called a feature vector. This feature vector can then be compared with a second print, for example, by calculating the Euclidean distance 33 (see, eg, distances between 36 element feature vectors in Figure 1 ). Wavelet-based methods have several advantages over pattern analyses. First, they detect global (overall) differences and make very few a priori assumptions about the nature of the "trait" they need to detect. Second, unlike pixel-by-pixel image comparison, wavelet based methods are mostly immune to variation in acquisition, that is, finger placement on the scanner. Third, they provide a similarity score that we can use as a score of symmetry. While these techniques have been used to archive and match fingerprints for forensics, they have to our knowledge never been applied to measure symmetry.
Statistical Analyses
An age relationship is expected for T2DM as the risk for developing T2DM increases with age. In addition, females are less likely to develop diabetes at the same BMI that males develop diabetes. 34 Therefore, we controlled for both age and gender in our analyses. We conducted multinomial logistic regressions for each finger pair to determine if asymmetry scores could be considered a risk factor for diabetes, and to determine which fingers were the most predictive (highest coefficient). Parameters entered into all models in addition to the asymmetry scores included age, gender and an interaction between age and asymmetry scores. The discriminative accuracy of the asymmetry scores for each finger pair was also assessed using the area under the receiver operating characteristic curves (AUCs). 
Results
Participants
Ridge Counts (Patterns) to Determine Asymmetry
Individuals that did not have a complete set of prints (all 10 fingers) that could be scored for ridge counts, due to either poor quality prints or an arch type print) were removed from the pattern analysis. We collected ridge count data for 85 females and 51 males. Of these individuals, 44 were classified as "controls," 62 with T2DM, and 21 with T1DM. In the multinomial regression analyses of each pair of fingers, asymmetry scores were only significant in the model for finger pair IV (Table 1A) . Gender was not significant for any of the finger pairs, however a significant influence of age was detected for all finger pairs except II, and an interaction between age and asymmetry score for finger pair IV (Table  1A ). These results suggest that some of the younger controls may not be "true" controls (ie, individuals with a high risk of developing diabetes, but that have not yet developed the disease). Therefore, to remove the potential bias of "false" controls, we split the data set into 2 groups (>40 years of age and <40 years of age) and conducted the receiver operating characteristic (ROC) analyses on the subset of individuals over 40 years of age. The AUC score for the subset of individuals over 40 for finger IV was the most predictive, and was significantly better than the null (Table 2A ).
Wavelet Analysis of Asymmetry
More of the prints could be analyzed using wavelet analysis than the ridge count analysis, as the wavelet method is less reliant on having a clear print or a particular fingerprint pattern. In the multinomial regression analyses, in which we assessed the ability of asymmetry scores for each pair of fingers to predict T2DM diabetes state, asymmetry scores significantly predicted T2DM for finger IV and V (Table 1B) . Gender was not significant for any of the fingers, however an interaction between age and asymmetry score was significant for the models of all but 1 of the finger pairs (Table 1B) . Therefore, to remove potentially "false" controls (younger individuals that have a high risk of diabetes but have not yet developed diabetes) we analyzed only individuals over the age of 40 years in the ROC analyses. Area under the curves ranged from 0.54 to 0.73, and the AUC for finger IV and V were significantly greater than the null (0.5) ( Figure 2 , Table 2B ).
Asymmetry scores were significant in predicting T1DM diabetes for finger pairs III, IV and V in the multinomial regression analyses (Table 1C ). Gender was significant for every finger pair; a higher proportion of males with T1DM than females were detected in our sample. In addition, there were significant interactions between age and asymmetry scores for the models for all of the finger pairs except finger II (Table 1C) . Therefore, we examined the ROC curves for the subset of individuals over 40 years of age. Area under the curves ranged from 0.53 to 0.85, and the AUC scores for finger pairs III, IV, and V were significantly greater than the null (0.5) ( Figure 2 , Table 2C ).
Discussion
Assessing asymmetry of fingerprint scores has the potential to become a valuable new tool for health providers in their assessment of an individual's risk of developing diabetes. Asymmetry scores calculated using both a wavelet-based method and the standard ridge count method, suggested that finger IV is the most predictive of T2DM in this population. Given that scoring asymmetry using the wavelet-based method produced more significant results than the scores obtained form standard pattern analyses (ridge count), we suggest that diagnostics incorporating asymmetry scores from the more easily obtained fingerprint scans can be developed that avoid the error and other limitations of pattern analyses. The AUC scores for finger IV based on wavelet scores (0.73) and pattern analyses (0.74) are lower than those from other diabetes risk models (eg, AUC = 0.85). 35 However, these previous models included traits that are themselves indicators of reduced health (eg, high waist circumference, hypertension). As compared to models based on amino acid profiles, which can predict risk of diabetes up to 12 years before the clinical onset of diabetes, 36 fingerprints can predict from birth and are fixed for life. And finally, compared to genetic testing, that can also predict as early as birth, AUC scores for the fingerprint asymmetry of finger pair IV that we detected are slightly higher than previously reported for genetic polymorphisms alone (AUC = 0.60, 95% CI = 0.57-0.63). 37 Understanding why asymmetry scores predict diabetes will be an interesting area of research, given that the general understanding of the genetic and developmental bases of FA has been somewhat illusive. 38, 39 Initially, symmetry was thought to indicate the genetic ability of an organism to undergo identical development on both sides of the body in response to environmental stress. [40] [41] [42] Results from laboratory studies examining stress and FA, however, have been inconsistent. 35 Morris et al 22 hypothesized that the inconsistencies in the relationships detected between FA and stress are due to differences across genotypes. This hypothesis suggests that there is variation both within and across populations in a genetic threshold, which determines when environmental stress is sufficient to shift the allocation of resources toward growth and away form accurate development. Recent empirical research supports this hypothesis. 43 We suggest that the differences we detected in asymmetry between individuals with T2DM and controls represent genetic differences in the responses of the genotypes to environmental stressors during development. Gaining understanding of these early steps in the pathophysiology of diabetes could be extremely impactful.
Asymmetry scores for finger IV were the most predictive of T2DM in this population, suggesting that the time period during gestation when the prints on these fingers are forming may be a critical time stage of development for increasing risk of developing diabetes. Given that prints on little finger (13, 20) 0.72 0.538-0.908 .03 Ring IV (11, 18) 0.80 0.638-0.958 .008 Pinky V (10, 15) 0.85 0.703-1.0 .003
Sample sizes for each finger pair are provided in parentheses in the first column. Statistically significant P values are in bold. (finger V) are the last to form at 16-17 weeks, our results suggest that the critical time is around 14-16 weeks. There were differences between the finger pair we detected as most predictive, and the pairs of fingers that were most predictive in a previous study. 24 In this previous study, finger pair V was most predictive for males and finger pair II for females. Ravindranath et al 24 did not control for age in their analyses, however the age of participants in their study ranged from 38-82 years, and therefore most closely matched our ROC analyses of individuals over 40 year of age. We did not assess the ability of asymmetry of finger pairs to predict T2DM in males and females separately. However, we did include gender in our multivariate models, and did not detect any significant influences of gender in the ability to predict T2DM for any of the finger pairs. One possible explanation for the differences in finger pairs that were predictive across the 2 studies could be population differences in the genotypes leading to T2DM (current study primarily Caucasians; previous study Indian). 24 Of the 70 or more distinct genomic regions that have been found to be association with T2DM, some examples of heterogeneity in effects across ethnic groups have been observed, [44] [45] [46] including an Indian population. 47 However, a larger sample size with additional statistical power is needed to address this question. One of the most surprising results from our study was the association between asymmetry scores and T1DM, as well as the overall higher asymmetry for the prints of individuals with T1DM as compared to individuals with T2DM. The scores for AUC suggest that asymmetry scores for finger pairs IV and V would be discriminative for T1DM. While T1DM and T2DM are considered quite different diseases, they are both multifactorial diseases with a complex interaction between predisposing genetic and environmental factors. In addition, an increased frequency of T2DM diabetes has been detected in families with T1DM diabetes, which could suggest a common genetic susceptibility. [48] [49] [50] Finally, Table 2 for AUC scores and 95% CIs. an increasing proportion of diabetic patients with diabetes may have both T1DM and T2DM processes contributing to their diabetic phenotype. 51 Our results support studies suggesting that individuals predisposed to T1DM and T2DM are both experiencing environmental influences during gestation that increase risk of developing these diseases.
Conclusions
Our results suggest that fingerprint asymmetry could be developed into a valuable tool for predicting risk of T2DM and T1DM, and that wavelet analysis is a method that can be used to assess asymmetry in fingerprints. The advantage of fingerprints scored using wavelet-based methods over genetic testing, is that it can indicate gestational environment and would be much less expensive. The cost is important, given recent reports that both risk-aware and risk-unaware individuals were interested in genetic testing, but identified the need for low-cost tests. 52 We suggest a more comprehensive analysis of fingerprint asymmetry as a predicator of both T2DM and T1DM risk, scoring asymmetry with wavelet analysis and comparing to the predictive ability of genetics alone, is warranted.
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